R ECENTLY, workers in the field of hemorrhagic shock have called attention to the important role played by the intestine, and have demonstrated the presence of a toxin thought to be produced by the intestinal bacteria. 1 ' 2 Evidence has been presented 3 that this toxin is involved in the production of irreversibility to transfusion after a critical hypotensive period. Lillehei 4 reported that, in dogs subjected to severe hemorrhage, the mortality rate was markedly lowered by perfusion of the bowel with arterial blood from a donor animal. However, the situation was complicated by the presence of the donor dog, which would possess normal immunologic defense mechanisms. Therefore, in the present study, the intestines of dogs subjected to hemorrhagic shock were autoperfused in an effort to determine whether or not the donor dog contributed to the survival of the experimental animal.
Methods
Mongrel adult dogs of both sexes weighing between 10 and 20 Kg. were deprived of food but not water for 24 hours before operation. Of the total of 52 dogs, 29 were anesthetized with sodium pentobarbital, 30 mg./Kg. administered intravenously. The remaining 23 animals were given morphine sulfate, 2 mg./Kg. intramuscularly, and 2 per cent procaine was injected locally at the sites of incision. All operations were performed using nscptic technie. Blood clotting was prevented by an initial intravenous dose of heparin, 0 2 mg./Kg., and small additional amounts were administered hourly through the hypotensive period. Ten mg. of heparin were added to the collecting reservoir.
Mean arterial pressure was recorded by means of a mercury manometer. The zero level was adjusted to the hydrostatic level of the femoral artery. Pressure was measured from an arterial branch not used for any other purpose. In most experiments, the standardized hemorrhagic shock procedure developed by Fine and his collaborators 5 was employed. Each animal was bled into a graduated reservoir to a level of 35 mm. Hg, and the pressure was automatically maintained at this level by a device previously described. 8 When either 40 per cent of the maximum bleeding volume was taken back or a maximum period of 4 to 5 hours of hypotension had elapsed, the blood remaining in the reservoir was rapidly reinfused. Prior to each experiment, the glass reservoir, tygon tubing, and teflon cannulas were thoroughly washed with detergent solution and rinsed with hot water. Zephiran chloride, 1:1000, was used for sterilization and finally the apparatus was rinsed with many liters of sterile saline. Cultures made of the washings were sterile.
. During the hypotensive period, 3 principal types of experimental procedures were carried out: A. Autoperfusion of the Superior Mesenteric Vascular Bed
In 15 experiments, the animals were given morphine, and the superior niesenteric artery was exposed through a left flank retroperitoneal approach. The artery was cannulated through an incision near its origin from the aorta, in accordance with the technie of Lillehei. 4 Blood was perfused through the superior niesenteric vascular bed from the blood reservoir at a rate of 10 ml./min./ Kg. by means of a Sigmamotor pump. Flow was checked periodically by measuring the rate of emptying blood from a graduated cylinder placed in parallel with the blood reservoir. Perfusion was started about 1 hour after the beginning of hemorrhage. At the end of the hypotensive period, the superior mesenteric artery was clamped, the cannula was withdrawn and the vessel repaired. At this time, all blood remaining in the reservoir was returned to the dog and the abdominal incision was closed.
To 7 other animals, sodium pentobarbital was administered. Instead of incising the superior niesenteric artery, a teflon catheter was passed into it from the aorta via the left femoral artery and was tied in place. This could usually be accomplished in 5 to 10 minutes. At the end of the hypotensive period, the tie was cut and the cannula withdrawn. 920 Circulation Research, Volume VIII, September 1960
B. Donor Perfusion of the Superior Mesenteric Vascular Bed
In 14 experiments, a donor dog was employed to supply the arterial blood for perfusion of the superior mesenteric artery of the animal in shock. Sodium pentobarbital was administered to both animals. The donor dog was placed on an operating board fixed to a balance. The femoral vein of the donor was connected to a T-tube in the arterial line leading from the experimental dog's femoral artery to the blood reservoir. A stainless steel solenoid valve was interposed in this tubing leading to the donor's femoral vein. The vnlve was actuated in such a manner as to maintain automatically the donor's weight within ± 3 Gin. of the control value. This was accomplished by means of an electric contaet at the tip of the balance beam. As the donor's arterial blood was pumped at a rate of 10 ml./Kg./min. through the recipient's superior mesenteric artery, the former became progressively lighter. The contact on the balance arm was broken, n.nd the solenoid valve opened to return blood to the donor at a. rate greater than the superior mesenteric arterial blood flow. The valve again closed as soon as the control weight was slightly exceeded. In 8 of the experiments, the superior mesenteric artery was cannulated through an incision in the vessel. In the other 6, a teflon catheter was inserted into it through a femoral artery and was tied in place.
C. Intestinal Perfusion Plus Transfusion
In 9 experiments, the dogs were sedated with morphine sulfate. The procedure was the same as B, but the shocked dog was kept in the hypotensivc state for 5 hours, the same duration employed by Lillehei, 4 even if the take-up volume exceeded 40 per cent. At the end of this period, in addition to reinfusing the remaining reservoir blood, a volume of blood equal to the take-up volume was transferred from the donor animal. This was done by setting the weight on the balance arm of the scale at the appropriate lower value. The intestinal perfusion was started in 12-26 minutes (average 19) after the start of hemorrhage in 5 animals. In the remaining 4, the interval was prolonged to 77-97 minutes (average 94), to conform with the interval employed by Lillehei. 4 Table 1 presents data on survival rate, bleeding volume, and durations of hypotension and perfusion in the various experimental groups, subdivided according to whether they remained in the hypertensive state 4 to 5 hours, or took back 40 per cent of: their maximum bleed-out volume before this interval had elapsed. Survival is defined as living for a minimum period of 3 days Circulation Research, Volume VIII, September 1960 postoperatively. It may be observed in the table that only 2 of the 22 autoperfused dogs survived. Furthermore, 17 (77 per cent) of these animals fell into the "40 per cent takeu p " category. A comparison of the 15 animals which received morphine with the 7 which received pentobarbital (not so designated in table 1) revealed no significant difference with relation to any of the variables measured.
Results
In the donor perfused series B, there was a survival rate of 36 per cent as compared with only 9 per cent in the autoperfused group (P=0.03). Also 57 per cent of: the dogs took back 40 per cent of the maxim am bleeding volume within 5 hours. Three of the 5 survivors took back 40 per cent of their maximum bleeding volume in 120, 125, and 225 minutes respectively.
In the 9 donor perfused dogs which were kept in hypotension for 5 hours and given a transfusion equal to the take-up volume (group C), 8 anima's exceeded the 40 per cent level, and took back an average of 75 per cent of their maximum bleeding volume. All died within 12 hours of reinfusion. The ninth animal took up only 26 per cent, and died 35 hours after the onset of hemoi'rhage. There were no significant differences between the results of the experiments in which perfusion was started an average of 19 minutes after the beginning of the hypotensive state and the results of those experiments in which perfusion was started an average of 94 minutes after the beginning of the hypotensive state. Despite the transfusion of an average of 397 ml. of donor blood to these animals, none survived, in contrast to 5 survivors out of 15 in group B. This is undoubtedly due to the more rigorous bleeding procedure to which the shocked animals in group C were subjected. They were not reinfused as soou as 40 per cent of the maximum bleeding volume was taken back, but were kept at 35 mm. Hg for the full 5 hours.
Postmortem examinations were made of all animals which died of shock. The usual signs of shock were observed, namely, blood in the intestinal lumen and mucosal congestion of the small and large bowel, 
Discussion
The great majority of shocked dogs did not survive when the superior mesenteric artery was autoperfused or donor perfused at rates of flow similar to those employed by Lillehei. 4 Presumably there was nothing other than the hemorrhage itself which was inherently lethal in the procedure employed in the present study. When donor animals were used they invariably survived. Furthermore, they maintained a normal arterial pressure throughout the entire experiment, except when large quantities of blood were transferred to the shocked animal (group C).
In many of these experiments, the experimental conditions (sedation, surgical procedures, rate of perfusion, time of inception of perfusion) described by Lillehei were simulated as closely as possible. In most of the experiments, however, certain improvements in teehnic were introduced. Our experiments were performed with aseptic, rather than clean technics. By eathejerizing the superior meseuteric artery through the femoral artery, blood flow was completely interrupted for less than 5 minutes, and it was possible to perfuse the intestine for a much greater fraction of the hypotensive period. Also, in the experiments involving a donor dog, the donor was kept at constant weight throughout. In Lillehei's study, it is questionable whether the double Sigmamotor pump maintained an exact balance. The rather consistent observation in the present study that the dog in shock gradually took blood back from the reservoir led us to suspect that a similar occurrence may have been undetected in Lillehei's experiments. It was precisely this suspicion which induced us to give a transfusion of donor blood equal to the takeup volume. However, this still did not account for the divergence of our results from those of Lillehei; none of the animals in group C survived for as long as 72 hours, despite the net increase in blood volume.
The results of this study are in harmony with the current hypothesis advanced by Fine and his collaborators. 1 -2 -7 The reticuloendothelial system was subjected to severely diminished flow rates during the hypotensive period. Even the liver may not have been spared entirely by the intestinal perfusion, Circulation Research, Volume VIII, September 1960 since the oxygen tension within the liver parenchyma must have been reduced by virtue of the decreased hepatic arterial blood flow. Furthermore, although the superior mesenteric arterial perfusion supplies increased quantities of blood to the major portion of the intestinal tract, the flow to the lower segments of the colon supplied by the inferior mesenteric artery would still be subnormal. This region contains an abundant bacterial flora, and it is probable that endotoxin formed in this region may enter the circulation in increased amounts. The significantly lower mortality rate in the donor series (group B) is also in accord with such a hypothesis, since the normal reticuloendothelial system of the donor will undoubtedly neutralize some of the endotoxin during the perfusion period.
The present study indicates, therefore, that perfusion of the superior mesenteric vascular bed at normal flow rates with arterial blood will not, by itself, protect against hemorrhagic shock if the hypotensive period is sufficiently severe and prolonged. The present data do not necessarily deny, however, that such perfusion is of benefit, but point out that intestinal perfusion alone does not lead to survival. It is entirely possible, therefore, that if a less rigorous bleeding procedure had been used in the present study, the mortality statistics may have been analagous to those reported by Lillehei. It is also probable that, if Lillehei had not included a donor dog in his perfusion circuit, his mortality rates would have been higher.
Summary
Dogs were bled to a mean arterial pressure of 35 mm. Hg and maintained at this level for 4 to 5 hours, or until 40 per cent of their maximum bleeding volume was taken back spontaneously. When the superior mesenteric artery was autoperfused at normal rates with arterial blood, only 2 of 22 animals survived. On the other hand, when a donor animal was included in the perfusion system, a significantly higher (P=0.03) fraction survived (5 out of 14). If the removed blood Circulation Rcscarck, Volume VIII, September 1960 was not reinfused as soon as 40 per cent of the maximum bleeding volume was taken back but the hypotensive period was maintained for a full 5 hours, then only 1 dog out of 9 survived as long as 35 hours, despite the fact that all 9 dogs in this group were given additional transfusions equal to the "take-up" volume.
Summario in Interlingua
Canes csscva subjieite a cxsnnguiimtion usque a un tension arterial medic do 35 nun de Hg e mnntonito a isto nivello durnnte 4 a 5 horns o usque 40 pro cento del volumine maximal de sanguine eflluite habeva retornate spoiitaneeniente a in le circulation interior. Qunndo lo ,'irteria mesenteric superior esseva nutoperfuudito a ratas normal con sanguine arterial, solnieiite 2 ex-22 animales superviveva. Del altere lixtere, quando un animal donator esseva includite in le sysrema perfusional, un significativemente plus alte fraction-5 ex 14 animales-superviveva (P=0,03). Si le effluite sanguine non esseva re-infunditc si tosto que 40 pro cento de su volumine maximal habova reentrate spoiitaneeniente in le circulation interior e si, sub iste eonclitiones, lo hypotension esseva mantenite a 35 mm de Hg usque al fin de 5 horas, nlora solmente 1 ex 9 canes superviveva usque al fin de un periodo de 35 horas, in despecto del facto que omne le 9 canes in iste gruppo recipeva transfusiones additional equal al voluniines " d e entrata."
